Experimental details infrared ion spectroscopy and quantum chemical calculations

Methods
Ion spectroscopy in a modified ion trap mass spectrometer
The experimental apparatus is based on a modified 3D quadrupole ion trap mass spectrometer (Bruker, AmaZon Speed ETD) that has been coupled to the beam line of the FELIX infrared free electron laser (IR-FEL) 1,2 . Ammonium adducts of each compound ([M+NH 4 ] + ) were generated by electrospray ionization from solutions of 10 −6 M (in 50:50 acetonitrile:water for compound 2 and 50:50 methanol:water for all other measured compounds) containing 2% ammonium acetate and introduced at 2 μl min -1
. The mass-isolated ions of interest were collisionally activated for 40 ms with an amplitude parameter of 0.2-0.4V in order to generate the relevant oxonium products. These fragment ions were subsequently mass isolated in an additional MS/MS stage and finally irradiated by the tunable midinfrared beam. The FEL was tuned to provide 5 μs optical pulses at 10 Hz having 30-60 mJ pulse energy over the entire tuning range (bandwidth ∼0.4% of the centre frequency). The pulse energy used for measurements was appropriately attenuated in order to avoid saturation of the signal. When a sufficient number of photons is absorbed, typically during a single macropulse, unimolecular dissociation occurs and generates frequency-dependent fragment ion intensities in the mass spectrometer. Relating the precursor ion intensity to the total fragmentation intensity in the observed mass spectra (yield=ΣI(fragment ions)/ΣI(parent+fragment ions)) for each frequency position generates an infrared vibrational spectrum (3 cm -1 step size). The yield is obtained from several averaged mass spectra and is linearly corrected for laser power; the IR frequency is calibrated using a grating spectrometer.
Computational chemistry
We have used a molecular mechanics/dynamics (MM/MD) approach in AMBER 12 that has been reported previously
3
. Coordinates for each molecular structure were manually defined on the basis of chemical intuition and optimized at the B3LYP/6-31++G(d,p) level in Gaussian09 4 . From these results, restrained electrostatic potential (RESP) charges were used for parameterization in the antechamber program in AMBER. An MM minimization was performed followed by a simulated annealing procedure up to 1000 K using a 1 fs step size. Five hundred structures (snapshots) were obtained during the procedure and after MM minimization were grouped based on structural similarity (RMS) using prtraj in AMBER. This procedure generated about 30 unique structures which were finally calculated at the B3LYP/6-31++G(d,p) level. Vibrational spectra were calculated within the harmonic oscillator model and were scaled by 0.98. Calculated line spectra were broadened using a Gaussian function with a full-width at half-maximum of 20 cm −1 to facilitate comparison with experiment. The energies of the conformations are calculated and reported using MP2/6-311++G(2d,2p).
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CID-and IR-spectra Figure S1 : CID of compound 1 Figure S2 : Infrared ion spectra of the glycosyl cation resulting from pentaacetyl glucose (top) and galactosyl cation from phenyl 2,3,4,6-tetra-O-acetyl-1-thiogalactose (bottom).
Figure S3:
Theory levels in the calculations compared to the IR ion spectrum of the glucosyl cation. The data from pentaacetyl glucose (S2, top spectrum) was used as a model.
Figure S4:
Comparison of the calculated spectra (S4a and S4b) with the measured spectrum of the mannosyl cation derived from 1. Key diagnostic peaks are indicated both in the structure as in the graph.
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Figure S5: CID of compound 2 Figure S6 : Comparison of the calculated spectrum of the lowest energy structure S6a with the measured spectrum of the m/z=219 CID fragment of compound 2.
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Figure S7: CID of compound 3 Figure S8 : Comparison of the calculated spectra (S8) with the measured spectrum of the m/z=233 CID fragment of compound 3. Key diagnostic peaks are indicated both in the structure as in the graph.
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Figure S9: CID of compound 4
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General Synthetic Methods
1
H and 13 C NMR spectra were recorded on a Bruker 400 MHz or 500 MHz spectrometer. Chemical shifts are reported in parts per million (ppm) relative to tetramethylsilane (TMS), or residual solvents as the internal standard. NMR data is presented as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, dd = doublet of doublets, m = multiplet and/or multiple resonances), coupling constant in hertz (Hz), integration. All NMR signals were assigned on the basis of 1 H NMR, 13 C NMR, COSY, HSQC and TOCSY experiments. Mass spectra were recorded on an JEOL AccuTOF CS JMST100CS mass spectrometer. Automatic flash column chromatography was performed using Biotage Isolera Spektra One, using SNAP cartridges (Biotage, 30-100 µm, 60 Å), 10-50 g. TLC-analysis was conducted on Silicagel F254 (Merck KGaA) with detection by UV-absorption (254nm) where applicable, and by spraying with 10% sulphuric acid in methanol followed by charring at ≈300o C. DCM, THF and toluene were freshly distilled. Molecular sieves (4Å) were flame activated under vacuum prior to use. All inert reactions were carried out under argon atmosphere using flame-dried flasks.
Experimental procedures for the preparation of 1-4 Scheme 1 Synthesis of mannose derivative 2. Reagents and conditions: MeI, NaH, DMF; 2, 79%. 
Methyl (phenyl 2,3-di-O-methyl-1-thio-α-ᴅ-mannopyranosyl uronate)
Based on a protocol by Zhang et al. 6 5 (300 mg, 1.00 mmol) was dissolved in a mixture of H 2 O and DCM (10 mL, 1/9, v/v). To this BAIB (643 mg, 2.00 mmol) and TEMPO (31 mg, 0.200 mmol) were added. The mixture was left under vigorous stirring for two hours before bing quenched by 10 % aqueous Na 2 S 2 O 3 solution (10 mL). The mixture was acidified to pH 3 and extracted with EtOAc (3 x 30 mL). The organic layers were combined, dried (MgSO 4 ), filtered and concentrated in vacuo. Silica column chromatography (0 → 15 % MeOH in a mixture of 2 % AcOH in DCM) gave the product (300 mg, 96 %) as a amorphous white solid which was disolved in DMF. To this, K 2 CO 3 (132 mg, 0.954 mmol) and MeI (90 μL, 1.43 mmol) were added. The mixture was stirred at rt before completion was observed by TLC after two hours. The mixture was diluted with EtOAc (50 mL) and washed with sat. aq. NaCl (40 mL). The organic layer was dried (MgSO 4 ), filtered and concentrated in vacuo. Silica column chromatograpy S12 of the residue (0 → 60 % EtOAc in n-heptane) gave 6 (250 mg, 80%) as a clear oil. The batch was split and used directly for the synthesis of 3 and 4.
Methyl (phenyl 2,3,4-tri-O-methyl-1-thio-α-ᴅ-mannopyranosyl uronate) (3)
To a solution of 6 (120 mg, 0.365 mmol) in DCM (2 mL) at -40 o C trimethylsilyldiazomethane (0.55 mL, 1.1 mmol, 2M in hexanes) and BF 3 .Et 2 O (139 μL, 1.10 mmol) were added. The mixture was stirred for 2 hours before additional trimethylsilyldiazomethane (0.55 mL, 1.1 mmol, 2M in hexanes) was added. The mixture was stirred for another 2 hours before it was quenched by addition of AcOH (1.0 mL). The mixture was poured into 20 mL of EtOAc and subsequently washed with sat. aq. NaHCO 3 (10 mL) and brine (10 mL 
H-and 13 C-NMR Spectra of Compounds 2-5 Gaussian Coordinates
Acetylated mannose (m/z=331) C-2 participation, +0.0 kJ/mol C 6 -0.004369000 -2.212460000 1.434137000 O 8 -0.493974000 -1.258879000 2.248661000 C 6 -0.791633000 0.091806000 1.759918000 C 6 0.157917000 0.569213000 0.631021000 C 6
1.417112000 -0.297192000 0.573055000 C 6
1.045529000 -1.767611000 0.396199000 C 6 -2.314665000 0.132243000 1.473003000 H 1 -0.562837000 0.708501000 2.630245000 O 8 0.546051000 1.907544000 0.957345000 H 1 -0.316461000 0.572109000 -0.349948000 O 8 2.220131000 0.174543000 -0.504657000 H 1 1.980103000 -0.228244000 1.511467000 O 8 0.385000000 -1.994369000 -0.906206000 H 1 1.932960000 -2.400001000 0.394405000 H 1 -2.848529000 0.386304000 2.389261000 H 1 -2.648342000 -0.844965000 1.123788000 O 8 -2.697811000 1.136555000 0.521121000 H 1 0.277874000 -3.067216000 2.046755000 C 6 -2.803742000 0.744447000 -0.775118000 O 8 -2.444316000 -0.364223000 -1.143984000 C 6 0.323469000 2.891193000 0.016316000 C 6 0.803098000 4.222005000 0.518230000 O 8 -0.203735000 2.667136000 -1.048283000 C 6 3.544899000 -0.211761000 -0.490154000 O 8 3.964713000 -0.992173000 0.334344000 C 6 -0.755136000 -2.580634000 -0.724172000 O 8 -1.090887000 -2.793871000 0.496676000 C 6 -1.555029000 -3.057718000 -1.867107000 H 1 -1.458994000 -2.359867000 -2.699242000 H 1 -1.154450000 -4.034030000 -2.170442000 H 1 -2.597723000 -3.168529000 -1.573416000 C 6 4.320837000 0.454247000 -1.586400000 H 1 5.291124000 -0.030872000 -1.687266000 H 1 3.769772000 0.417358000 -2.529391000 H 1 4.469757000 1.509424000 -1.333002000 H 1 0.710176000 4.962205000 -0.275522000 H 1 1.841380000 4.152562000 0.853969000 H 1 0.200799000 4.528850000 1.379538000 C 6 -3.370667000 1.817951000 -1.650999000 H 1 -4.182667000 2.345621000 -1.146474000 H 1 -2.575119000 2.539538000 -1.865612000 H 1 -3.715934000 1.378786000 -2.586813000 S20 C-3 participation, +5.O 8kJ/mol C 6 -0.104875000 -0.950032000 -1.184328000 O 8 0.792266000 0.054839000 -1.325705000 C 6 0.936751000 1.142425000 -0.355070000 C 6 -0.268754000 1.325673000 0.595742000 C 6 -1.104725000 0.048289000 0.771278000 C 6 -1.439141000 -0.550566000 -0.582491000 C 6 2.235773000 0.998469000 0.450072000 H 1 1.017998000 2.023854000 -0.991790000 O 8 -1.214547000 2.273415000 0.087867000 H 1 0.094816000 1.666658000 1.569730000 O 8 -0.335004000 -0.933149000 1.573707000 H 1 -1.986028000 0.249840000 1.377949000 O 8 -2.243370000 -1.721084000 -0.489787000 H 1 -1.924601000 0.214421000 -1.194506000 H 1 2.163259000 0.235813000 1.227720000 H 1 2.435729000 1.966896000 0.916576000 O 8 3.343567000 0.708347000 -0.400669000 H 1 -0.169035000 -1.507919000 -2.116087000 C 6 3.843527000 -0.559588000 -0.363799000 O 8 3.366423000 -1.431030000 0.338616000 C 6 -0.889799000 3.604797000 0.300311000 C 6 -1.966169000 4.515357000 -0.207196000 O 8 0.150346000 3.913584000 0.831205000 C 6 0.322389000 -1.909446000 1.022179000 O 8 0.458760000 -2.034170000 -0.240633000 C 6 -3.621137000 -1.506392000 -0.486005000 O 8 -4.076610000 -0.390725000 -0.495482000 C 6 -4.368316000 -2.805179000 -0.476741000 H 1 -4.169537000 -3.352156000 -1.403997000 H 1 -4.034538000 -3.433714000 0.353825000 H 1 -5.435235000 -2.603405000 -0.390604000 C 6 0.958620000 -2.906864000 1.910973000 H 1 0.691512000 -3.911819000 1.570917000 H 1 2.044101000 -2.798260000 1.797630000 H 1 0.658468000 -2.752110000 2.946397000 H 1 -1.668350000 5.549707000 -0.040418000 H 1 -2.907190000 4.307499000 0.311157000 H 1 -2.135014000 4.340841000 -1.274119000 C 6 5.032612000 -0.703492000 -1.267023000 H 1 4.788211000 -0.354348000 -2.274049000 H 1 5.850227000 -0.077566000 -0.895160000 H 1 5.350022000 -1.745154000 -1.291537000 C-4 participation, +37.C 6kJ/mol C 6 -0.939493000 1.417018000 -1.130901000 O 8 0.289515000 1.135821000 -1.614681000 C 6
1.274800000 0.564471000 -0.696296000 C 6 0.808421000 0.764871000 0.738299000 C 6 -0.597994000 0.236915000 1.063357000 C 6 -1.551063000 0.406017000 -0.155570000 C 6
1.575681000 -0.903313000 -1.082525000 H 1 2.179911000 1.152889000 -0.865173000 O 8 0.823037000 2.236186000 1.031913000 H 1 1.551465000 0.368609000 1.427365000 O 8 -0.434987000 -1.112203000 1.478916000 H 1 -1.009521000 0.813461000 1.898379000 O 8 -1.681979000 -0.842371000 -0.833146000 H 1 -2.534265000 0.757454000 0.161980000 H 1 1.078578000 -1.113515000 -2.028845000 H 1 1.231735000 -1.605246000 -0.320693000 O 8 2.970355000 -1.117853000 -1.347133000 H 1 -1.600995000 1.693392000 -1.947212000 C 6 3.801277000 -1.115114000 -0.267619000 O 8 3.403698000 -0.821000000 0.843975000 C 6 -0.016968000 3.077441000 0.525211000 C 6 0.073553000 4.485478000 0.994353000 O 8 -0.901699000 2.789899000 -0.351389000 C 6 -1.506688000 -1.642758000 2.175171000 O 8 -2.506062000 -0.993267000 2.370323000 C 6 -2.789885000 -0.957278000 -1.663177000 O 8 -3.503178000 -0.011257000 -1.892119000 C 6 -2.946496000 -2.357972000 -2.174265000 H 1 -1.979827000 -2.798911000 -2.427252000 H 1 -3.402207000 -2.972142000 -1.389531000 H 1 -3.605763000 -2.351248000 -3.041945000 C 6 -1.227620000 -3.048449000 2.614813000 H 1 -1.025783000 -3.680480000 1.744676000 H 1 -0.338101000 -3.072393000 3.251504000 H 1 -2.088412000 -3.430723000 3.161959000 H 1 -0.923330000 4.929608000 1.027805000 H 1 0.665047000 5.049223000 0.261520000 H 1 0.567575000 4.537947000 1.964301000 C 6 5.200035000 -1.512904000 -0.636429000 H 1 5.871484000 -1.297210000 0.193909000 H 1 5.223081000 -2.586668000 -0.851634000 H 1 5.524356000 -0.992248000 -1.540941000 S22 C-C 6participation, +34.2 kJ/mol C 6 0.651335000 -0.629855000 -1.552293000 O 8 -0.547180000 -0.301843000 -2.104738000 C 6 -1.401797000 0.574028000 -1.338586000 C 6 -1.555532000 0.154445000 0.138746000 C 6 -0.242341000 -0.273462000 0.816235000 C 6 0.556879000 -1.173306000 -0.119926000 C 6 -1.008150000 2.008002000 -1.644451000 H 1 -2.387369000 0.471300000 -1.799629000 O 8 -2.411832000 -0.995094000 0.217133000 H 1 -2.006581000 0.980015000 0.695939000 O 8 0.534985000 0.891226000 1.151122000 H 1 -0.486669000 -0.811920000 1.733155000 O 8
1.831230000 -1.433594000 0.455145000 H 1 0.001759000 -2.111728000 -0.238385000 H 1 -1.646737000 2.720919000 -1.122530000 H 1 -1.068502000 2.179677000 -2.721323000 O 8 0.354620000 2.439545000 -1.277678000 H 1 1.167798000 -1.316252000 -2.218779000 C 6
1.467017000 1.794630000 -1.336587000 O 8
1.642479000 0.547518000 -1.548297000 C 6 -3.767621000 -0.741019000 0.147902000 C 6 -4.571661000 -1.985080000 0.377105000 O 8 -4.186651000 0.373573000 -0.068437000 C 6 0.408827000 1.344482000 2.457835000 O 8 -0.362433000 0.842663000 3.235285000 C 6 2.446071000 -2.608194000 0.057463000 O 8
1.976449000 -3.301962000 -0.813414000 C 6 3.698039000 -2.861390000 0.842866000 H 1 4.317694000 -1.962051000 0.887377000 H 1 3.431816000 -3.129552000 1.870882000 H 1 4.249270000 -3.682680000 0.386388000 C 6 1.338392000 2.492916000 2.728537000 H 1 2.377066000 2.162140000 2.629334000 H 1 1.169560000 3.301666000 2.011234000 H 1 1.167664000 2.858821000 3.740295000 H 1 -4.190232000 -2.809481000 -0.231077000 H 1 -5.616593000 -1.787399000 0.140865000 H 1 -4.486248000 -2.282376000 1.427760000 C 6 2.700558000 2.618428000 -1.183600000 H 1 3.415988000 2.096851000 -0.545353000 H 1 3.158061000 2.733761000 -2.173909000 H 1 2.458820000 3.604263000 -0.788693000
S23
No participation, +40.3 kJ/mol C 6 0.019941000 -0.400439000 -1.639222000 O 8
1.182451000 -0.049499000 -1.321156000 C 6
1.533315000 0.717704000 -0.060265000 C 6 0.283570000 1.267147000 0.637852000 C 6 -0.927876000 0.325388000 0.561476000 C 6 -1.205157000 -0.008641000 -0.915489000 C 6 2.404052000 -0.211306000 0.785073000 H 1 2.141679000 1.525886000 -0.466762000 O 8 -0.145189000 2.486675000 0.017051000 H 1 0.539466000 1.451268000 1.684952000 O 8 -0.604983000 -0.859082000 1.285475000 H 1 -1.807284000 0.809581000 0.989762000 O 8 -2.158451000 -1.036972000 -1.101339000 H 1 -1.576396000 0.921248000 -1.400032000 H 1 1.844788000 -1.087973000 1.112447000 H 1 2.734227000 0.372373000 1.648866000 O 8 3.586058000 -0.594363000 0.084579000 H 1 -0.039736000 -1.020120000 -2.537516000 C 6 3.563167000 -1.815852000 -0.548966000 O 8 2.556149000 -2.486644000 -0.616641000 C 6 0.551091000 3.627143000 0.399306000 C 6 -0.057951000 4.863856000 -0.186282000 O 8 1.514681000 3.547959000 1.122742000 C 6 -1.648700000 -1.480294000 1.969655000 O 8 -2.772800000 -1.048197000 1.934966000 C 6 -3.458501000 -0.573061000 -1.341025000 O 8 -3.665077000 0.603523000 -1.499876000 C 6 -4.444222000 -1.695261000 -1.336869000 H 1 -4.637224000 -1.975548000 -0.295095000 H 1 -5.373570000 -1.361089000 -1.797024000 H 1 -4.045309000 -2.570716000 -1.854059000 C 6 -1.153607000 -2.685930000 2.710127000 H 1 -1.999430000 -3.200346000 3.164532000 H 1 -0.620668000 -3.357813000 2.031186000 H 1 -0.450732000 -2.378056000 3.491037000 H 1 -0.234682000 4.739793000 -1.258010000 H 1 0.603330000 5.710257000 -0.004551000 H 1 -1.027753000 5.050080000 0.287410000 C 6 4.914698000 -2.163216000 -1.098892000 H 1 4.833393000 -3.043423000 -1.735534000 H 1 5.332261000 -1.321257000 -1.657272000 H 1 5.598005000 -2.374756000 -0.269613000
